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NAMEB

LOCATION

ATTENTION
Copy TO

F. L. Steahly‘/ DATE May 25, 1948
Room 26 - 706-A
ANSWERING LETTER DATE

M. D. Pet SUBJECTY Industrial Waste sium -
T o Amsrican Institute of Chemical

A Ens e

The regional meeting of the American Institute of Chemical Engineers
was attended May 10, 11, 1948, to obtain information pertinent to the
problem of treatment of radiochemical wastes. The Industrial waste Symposium
and a meeting of the Industrial Waste Council weme attended. Other papers
on general topics were heard and visit was made to The General Electric
Lighting Institute. : .

<

P

During the Industrial Waste Symposium nine papers were Drosent: s~ The
first three papers dealt with govermmental comtrol of streem pollution:
Many state pollution control boards have been in cperation less than twenty
years and have followed a policy of encouraging industry to treat its wastes,
rather than dictating stringent regulations. The state pollution boards . .
have found 1t difficult to define reasonable water conditions.? The.Tenmessee
Pollution Control Board has been in operatiom since 1947, but TVA has-been )
studying stream pollution in the Temnessee Valley since 1938. . It was interesting
to note that no mention was made of radioactive wastes. ' 2o

A single paper was presented on management's interest in straupollution
which was broken down into three factors: public relations, legal, and
economic.

Two papers were presented in which development programs for liquid and )
gaseous waste disposal were discussed. Where an air Pollution problem exists
the general development program is similar to that for liquid wastes. The
recommended development procedure was as follows: -

(1) A complete.analytical study of. 'all the wastes gso that their amounts and
campositions and their fluctuations with time may be understood. This will also
serve to show conclusively the magnitude of the pollution problem.

(2) An attempt in the light of the Pirst step to reduce the pollution at
the source or to alter its nature so that ultimate treatment processes may be
simplified.

(3) A research study on the two general important aspects of anmy disposal
method: concentration of dilute wastes and the actual treatment of the strong
wastes. Various considerations which enter into the selection of a particular
method are discussed.

(%) Cost estimating, by which selection among potential methoda may be
facilitated.

(5) Pilot plant design, construction, and operationm.

THIS FORM FOR INTRER.COMPANY CORRESPONDENCE ONLY
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Three specific examples of waste disposal developments were discussed
which were related to metallurgical andmper industries. Application of
oprecipitation, ion exchange, bacterial filters, thickeners, and lagooning
wag covered in the discussion.

The meeting of the Industrial Waste Council had as its primary ob-
sect the selection of subjects and papers for a symposium in November. A
request was made for a paper on radioactive waste treatment, but there was
no commitment. Some of the men attending the council meeting were:

R. D. Hoek, Industrial Fellow, Mellon Institute (council chairman)

V. L. King, Technical Director, Calco Chemical Co.

H. Bliss, Prof. of Ch. E., Yale University

M, E. Putnam, Vice-President, Dow Chemical Co.

R. A. Fisher, Assoc. Prof. of Chem. Eng., Virginia Polytechnic Inst.

We. W. Hodge, Sr. Fellow, Mellon Institute.

The knowle‘dge geired was of a general nature. The AIChE is now taking
an active interest in waste disposal, both liquid and gas, problems and

the council is made of responsible men from the major chemical companies.
The AEC should be represented.
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iy o2 ) Date: February 8, 1949
W. X. Zister

Contents of the (RNL Uranium Waste Storage Tanks

The (RNL uranium waste tanks were sampled 11/23/48 to determine the
compogition of the sludge and supernatan;}preliminary to undertaking a
development program for metal recovery. These samples were analyzed and
results are shown in the attached table.

It is the current practice to discharge uranyl carbonate solution to
these tanks. At the time the tank is full,~ the uraniym is precipitated by

'
the addition of 6.7% by volume of 50% é::::;;: The precipitate is allowed
to gettle and the supernatant is then discharged through the general radio-
chemical waste storage system to the river. The tanks now contain approxi-
mately 150 toms of uranium of which approximately 80% has been precipitated.

This precipitate occupies approximately 20% of the total tank capacity in

permanent mstal waste storage service. There are now seven tanks with a

T et

total capacity of 776,000 gallons being used for storage of uranium wastes.
The uranium has been precipitated in Tanks W-3, W-4%, W-7, and W-10. Tank W-9
is being used for the storage of metal waste from the Rala process and was
not sampled because of its high radicactivity. Tank W-8 is now being used
as receiving tank, but will be returned to the radiochemical waste service

as soon as gufficient supernatant can be decanted from the precipitated
waste tanks. This will reduce the total storage capacity to 606,000 gallons.
The last tank is the semi-works waste storage tank (no number) which is now

full, and is being held for use in the initial stages of the metal recovery

Drogram.

cc: MDP, ¥ JAL, CEW, JOD, FRB, 7LC,
1. Zmlet, P.B. Orr, =.J. Witkowski,
A.¥. Rupp, M.T. Kelley




DON'T SAY IT -- WRITE IT A R

To____W. K. Elster DATE__December 4, 1947

Foom__ C- D. Watson ‘

Re: Uranium Analysis of Crud and Liquid in Semi-Works Waste Metal Tank

Fluormetric Analysis of Supernatant Liquid

U - 9-6& mg/mlo
Estimated depth of liquid - 41 inches.

Analysis of Precipitate in Bottom of Tank

U - 637 mg/gram of precipitate
Estimated depth of precipitate - 1 foot

CDW:sc
cec: CDW
# -1 34 - EQRX 1L/15/48 7D0-s2 §
DON'T SAY IT -- WRITE IT
TO W. K. Bigter DATE December 1, 1947

r wm_C- D. Watson

Re: Semi-Works Metal Waste Tank

At present, there are 53 inches of sludge and liquid in the storage tank which,
according to old reports, constitutes 72.6% of the total tank volume. An
analysis of the sludge and liquid indicates the presence of:

Analysis of sludge . Analysis of liguid
Gross B - 3.5 x 10° c¢/min/gr oH - 9.85
y - 345 ¢/min/gr Sp.G - 1.06
Gross B - 760 c/min/ml.
Gross 7y - 10 ¢/min/ml.
Gross ¢ - 7.1 x 103 ¢/min/ml.
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706-A
REPORT OF ANALYSIS

Film No. /# 55

T = Trace

VS = Very strong
Strong

Faint trace

FT

Moderate
Weak
‘W= Very weak

Sought, not found
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in X-10 Waste Tamk

L0 ene WM ;njm/4a
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Result
04022 -d-:. '
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0,019 ~3' S
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539. + ‘}
3750 .
§85. .
110 mg/ml
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3949 *
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2,5 "
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W. Zister -2 January 4, X909

Tank Zon Result
W3 Supernatant COq 33+8 mg/ml
W " " Oui 7
w " " 29.3 n
w8 " " 27.8 "
Wi " " 33.
W3 Dried sludge " 60, "
wh " " ) T
w7 " " 67 "
wio " " b9, "
W3 Supernatant.. POy M2k mg/ml
Wll» " " 0.1 "
W " " 600 "
w8 " " T7e2 "
wio " " 8.7 "
W3 Dried sludge " 12.5
wh " " 2180 "
W7 " " 90f "
Wi " " 90. "
W3 Supernatant SOy 10k, mg/ml
Wb ¢ " 8.3 .
W7 " " 132, "
w8 " " 227,
W10 n " 10k,
W3 Dry sludge " u2°6 "
Wi " " 146. "
w7 " " 211".

W10 " " 105.
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ate: apy 17, 1948
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Title: umeawy of sk “4dge ‘ational ‘sboratory ‘secntasination Laperisnce

Discussion:

Segontenination of various naterials iz o majer Atoxis ‘neygy Camisston
protlens itumt.zmmamnmmmm
rosledge in this Ileld, ofter zuick expsrimental progrems of cosntissioneedds
significence wvan e sot up officdently.

'm.mm@mzm;ammmmzhmm
fram the uw.mmmammnmmwmu
sivoe much devontemination i are sa taen done es en incidemtel part of saotber
DroqraE, ond thersfore las not Losn adequately reporteds

_ iz rapart is t0 be lasued Ly iusust 1, 1948e In crder to meet thisg
catey one tootinical san will te sssigned Jull time to the wosk izwediataly.
‘e w1l o given adhiitional s=id as requireds

szilstoly following the issuing of tho suRmery repart, a second Dvief
“enart will La ~repared riving detailod reccomendstisos for future wosks

Fstimeted Cost: Labor: 4 menescerth:s

Materiels: 2

Distribution: 1
Total:

Hdawkins, W. M.

Huffman, J. R. Account No.: MW7 L
Kyger, J. A.
Lyon, R. . Lpprovals:

Melain, Stuert
Feterscn, M. D.

Teid, D. G. M. D. Peterson
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Stuart MclLain
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To: 7. L. Steahly ﬂog
From: 7. N. Browder
Subject: Weste Sampling for Problem T.D.1. TC — |

———.

Tt is desired to collect as much data as possible on the quantities and
rates of the fission products and other ions entering and leaving the tank farm
without overburdening the analytical groups. In a conversation today with M. T.
Kelley and I. R. Higgins it was decided that the following sampling procedure
would best attain the desired results:

1. (a) Take a 1 liter sample from tank W-1 and another from tank W-12
each time each tank becomes full.
(b) On each of these samples run total E , total solids, and gross
g and gross 7.
(c) Composite the samples from each tank once per week and run a
complete analysis for grg, gry, Ru, Zr, Cs, Sr, Cb, TRE, U, Na, Ca,
Mg, Al, Fe, C1, 1;, C°3’ S0, , POy, WO on both composites of W-1 and
Composites of W-12.
2. Take a 1 liter sample from tank W-6 supernate just before the supernate

is drawn off. Analyze for all ions and F.P.'s listed in 1l (¢) above.

Distribution: 1. M. T. Kelley
2, P. B. Orr
3. I. R. Higgins
L, File




oy 1s le. ‘etersem Jovember 19, 15438
Troms ?. L. Steahly
ITOR & Report of the 1.1 Droocess Yaste D and

Teclamation Cormittee, dated October 7, 1948

'mumlimdemtingx‘MWMonHMdmm
Disposal at Argome vas largely cne of ocrganisation. ¥ost of the ANL liquid
vasts ocanes Irom Redcx somi-works. Those vastes are shipped to (RREL.

~t Zantard, 23,000,000 zallons or wasts are stored. It is caloulsted
hat storage and handling costs range from< 0.23 to¥ 0,34 per gallem. This now
approximtes 3,000,000 per year. Cribs or norous vooden strustures vary fycm
some 20 to 30 feet, and the liquid filters directly imto the growmd. Tt has
Seon datermined that both plutonium and Tission produsts are adsorbed om the
dand rather close to the cribs; plutonium the more 30. The penstration of
mmxuwmmwamwm'mmm' laterully from
any crib.

4t (RNL, weaniwn wvestes are noutralized vith sodium hydroxide and sedium
carbonate and stored in burial tanks of 170,000 gallon capmoity. 7 two-fold
volume reduction was realized vhen the matal aste was precipitated with exocess
sodium hydroxide, cllowed to settla, and the supermatant decsanted to the rest
of the waste oystem. Ion-urenium active waste are discharged to the retension
asls oy o series of 170,000 zallon burted aaptic tanks. ™is system is
mmtoummminwinmmmmmu
soncentrations no sreater than about ons nicro-cwrie per liter.

-t lound Laboratory, a loculnt:ion and carrier sand filter system has been
‘evelonod throusht to the pilet “lant gtags to handle the particular astive
‘asts roduced there. e “orthdale I'lant i3 axpected to be opermted by
Jctober, 1348. T™is -rocess will reduce the volums of the weight appreximmtely
2,300,300 fold. e discharge to the river will not axceed one count per ml.

>er nimrte.
e
pregeions of the status or “the nroblems are: ‘) “sts <7 zvosal problems
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-re lass cttractive *o the majority of Tesearch vorkers in Sundametital resesrdhds -
{b) vhere attempts have been made to solve the problems, the varking groups have
,een gubject to the neocessitiss o sroduction. s the consequsnce, the studies
jave rarely been completed; (c) there 3 a possible temptation t0 a cemtrmotar
;owmm:m:nam:mmwmmm
obligations; comsequently, solutiocns or the problems are temporary, loeal in
character, and potentially hazardous aftsr a period of time; (d) 2o systamtic
study o gensyal solutiom of the rroblem has appeered; (e) until ressmtly, vasts
iigpoeal had only a relatively low priority at most of the sites; (£) msnagemsnt
188 falled to recognize that the yroblem of vaste disposal is camprebensive and
:nvolves the entire technology of Pils operaticus.

eneral reccamendations are: (a) In view of the foregoing, it seems vital
that AZC establish a long rangs vork progrem ror studies on liguid waste dispossl.
-+ 13 reccamended that the scope of the problem should Include: (1) fvademental
=asearch in the chemistry of liguid waste disposal; (2) davelopmeut of methods
shrough the pilot plant stage; (3) assisting the various sites in setting wp full
scale plants; (4) separating into paskages ss radioisctopess (b) The progrem
should be carried on by cne Or mOTe new contIagtors or by certain present contractors
7ith supplememtary comtracts.  omsideration of all sdditional liquid waste disposal
~robloms should be assigned to these contractarss (c) means chould be sstablished
:ommmammmmtmmmwmwn
+hat all vho are interested have up-to-date data as they are cbtaineds {a8) A
‘msmmmimmwmmmmofmormm
xdopted. :maammabe:nma.;-podmmwmmmm
e cotained between .°C, coutractors, U. . ~ublic Jealth Servics, Zeclogioal and
-mter supply ngemoios; ) The cammigsion should cnoourege overy sites to critioally

:xamine tho -Tesent “ractice; (1) tturo comtracts chould cmbody the requiremsnts



¥ 2andling he 'mste disposal [Toblems. 'ossibls methods are: (a) svaparation
‘xmmw&sm:wamm (b) oarrier presipitant-
«;mmmmmntoumw-wmmmm
Jupermatant; (o) Mfumtimmd:tbeuudu.zwumim

{d) lon exchangs; '(a) :lectrodialysis, -orthy of stady; (f) mwtallic displsce-
Jent;  3) solvent extrasction - this ight De of low valus bwcanse it will necessarily
244 mors liquid to an already bad situntion. Specific reccaamendations for {mgmdiate
work are: {a) “ho Tirst and izmediate problem to be solved is the remeval of
sctivity “rom crid type vaste; (b) Lot waste; (o) Zedex vaste - this showld be

started at ance.
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sousider this a reugh draft :mien sill be replased by a iiaished repart
after corrections.

1.0 DIZCRETIA

btcc.nf/)’
Jsction [I has restneiy been assimed the Jenaral Drohlem of dispesml of

radio-chenical wastes.  his report reflsots the thoughts of, and the information
1ssembled by, asmbers of Jeation [I at the end of the iaitial three weeks of
afforte, ill conclusioms and recommsndations srs tentative and subjest ‘e reviaion.
The urime pJurpcss of this rsport is to orovide to ithe Jevswamel sttending the
lssussion of dgte 2-dwid (Building 101), ccavemisnt and orderly notes of
jsotion [I's current Jceitiom.

I% is recognised that much, Jerians all, of what i3 covered herein may de
reoetitions %o some and may cuuitt{-mendmdm.mma
tho:ghts of othars.

1.1 aslq laxee Jiszosal Tlswoe:.3ts
Initial ihought concerning disscsal of rsdiocwchemical wastes resulted in
sush vastes beiag retainad (if cssible) umder comsrol until activities had
issayed sufficiently a0 that radlated snergy ner it velume of waste had fallea
53 & d0int squal o or lass “han a Jefined lsvel. _ ush “*desayed waste® was then
1ischarged 0 an OJen Itrean.
surrent thought is trending o a rejsstion of t-is philosophy since -
le .buse{generally necessery) is josaible by aither ilseharging
satarial at relativaly ich laveis oF agtividy or by dilutiem

3¢ a2 Soveective naterial [tmediately  rior %o discharge, and



i, <videmes of Concenmtrstion of the actiwe szaterials vy nawwral
3eans - adsorstion ana atsorptiom by clay, biologieal through
mtabolism of sxoosed riant and animal life, ste. = is at hend
Tesulting in the sstablishnent of umnsefe comditions frem
ragte aaterial discharged as safe.

Further confirsstion of dJeint (2) will require a redisal chaamge im basie
Jhilesonjy joverning permitied nethads of waste dispessl. 0o Wit « that the
xbmmmm.dmxusymmmub-umutuu—bumm,
the ideal being sero aotivity discharged, regardlsss aof ths astivity lewel per
mit volume of wsasts.

dsagures that confoym t0 sush a cnange im policy saculd alse develep aa
additional advantegs. “isaion materials resently dissharged will be retained.
43 uses are developed for these materials, 1% msy well bes shet sush maserials
3tored aow ®1ll in the fusure repressnt an invaluable susply,

l.d Immediate Srogrsa bicouives

“he reseut waste~disposal system for radioechemisal wastes {s appwoashiag
inadecoacy aa the demands upon it increase. I3 is oreposed te improwe immediately
the adequacy by reducing the volums of waste requiring sterage thws permitting
longer decay iimes before discharge. .uel a srocosal joes not conferm to the
8w colicy exoept insefar that most of *he sctivity Hressntly dissherged would
e dissitated harmiessiy wnila still mder oontrol. iowsver, recenmsmied measures
%0 ailoviate ihe oresent vaste=dizdosal itress are such that they will lend

Shemsslives to a liazical ultimaves soluticn of the woblem, a soluties that cenforms

0 he yew olicy.

Ad



1.3 Zaisete Jrogren (Rlectives

The ultisets ocbjeotive € “he ‘rogram i3 %o ~edugse %o a Jrastisal seve the
ietivity :ischarzed and %o convert the agtivs materials to a siorsbls form,
sasures o 3ffect, or aporoach, this Nodian comditiom will 1ot be eaphasised
in detail harein ewest shere asuch >0s3idls meazsures influsnse decisiens or

suzgestions relativs to salving the iasediate orogram objestives.

Al
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sestion I scerscnne.l assiaed 0 the sunjest Jroblem resiised fuily thas
cheir combined imowledge of ihe wasts disposal zystem and related probless constituted
~ittls aore than an jpgrenggy that such oxisted. 3 was sherefore in order that
a survey be first canducted. It was felt that sush a swrvey would be most
aseful if i%s iapartialily were enhanced by congidering mly rovebls fagss
and negleeting for the tims being opinicns ami ecmelusions of those alweady
somoerned rith the -roblsx. ‘hile such a ruetice was followed as mush as pessible,
the complexity of ths oroblem amd the lack of cersain necessery fasts requirved
“hat oninions of exveriensed Jersonrel he leansd om heavily,

2.1 chemloal (amte Dispomel ‘Iocwss

The entire disposal xrocess may Ho compared %0 any industrial preeses ins
anich raw materiais are converted o more ussful produsts. Here, sctive materials
are converted %0 lass active maseriais (per mmit velums) by retentiom and by
1tlution with nom-ective or less~ective solutions. Mea the waste has bean
converted suffleieatly, it ia *sold" ta shite Cak Creek.

“he analogy breaks down in one szalisnt sestor - zhat of raw meterials utilised.
~ norsal industriai .roceas nas inherent in it a mseasure of ccatrel sad sheice
5f ‘he raw materials utiligsed. "he disposal aystem must acoept as raw material
vaptes that are roduced as & resuit of roqutrqmt: hoese importanse rresumsbly
“ranscends comaiderations of <he iassat of the waste Hil on the overation of the
iisposal »rstea.

- measure Or control of %he ~aw material 3 sxerveised. Ths hulk of the wasse -

¥ 199 acsivity - Yydasses much of “he system, - he reat of the wagée must be

21ily rocesssa. he lssign @@ ~he systen i; such that it {3 Hocssxible through
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faulty vaives >r Jursonnel arror “o dlspatch mastes of 1oth high and low aativities

%o imoroper destinations,

The major sources of higheactivity chomical waste are bot pilst plaas,
somi-works, 7O06~C und 706=0 sverstions, and 726=a hot sinks. Decantstiocms from
aetal vaste storages ars raported to no lonyer c.ntribute. is & basis of e stimate,
15 13 wesumed that »he listea sourees contritute 9% (in tarms of astivity and of
alla‘ugt) of the highly activs saste that required the full trectment. Further,
13 i3 Jresumed that 95% of the Zotal 7aste activily is rearesented by the
listed sourees.

The wastes of high activity are disdsteled 10 tank #=$5, where they ave
asutraligsed and permittad to deeay, thenoe %o tank -6 for further desay, aad
thence ta the Jand aystem for still further desay, Xlution 1s alse effected in
*he dond systen bhefore dlscharge %o “hils .ak Creek.

e bulk of this wvaste :as2es “hrouzh tank 12 while that comtridwutad by
~he 20% Hilot slant reaches -5 via the Tel and ‘=3 bYyenass line.

Tor 4he surpose of zatiafying the lumedlate objective of relieving ihe load
;m the -iisposal system, the -1out 20 =5 rejrsssnts the stream whigh cam be
~peated rith “he moat %slling eifsat. [3s mean velus nas haen dstermined from
ivall .nle daga _arrendix . a8 7,000 sal er weor n1id uneertainties at various
:anyfdence lavala of

2'7,1.73 ml ar e adt 2575 confidsnce
$ 5,790 3ai rar weex at 533 conlidence

$ 13,100 3ai >er w1asx at J9.93 confidence
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voasidering feaa %o Y 38 1 rime s:n7le soures, it is not necessary to

205882% a% 3ia .ize i reskeiowa o “hat Tsad ag o abegources,

asves 37 Tow 4esivity ire :sllacte: Troa 3Idry sources and by-page the
tanks =5 121 fed, _izce i%s tatal acsivity contribution i3 low, and sinee

i%s aih csilonage 32 10re Shan 539,227 zallons ser day make 1% both of less

{adortanes mi af resser 41821g2ity ta troat, 1t 1111 de ignored for the resent.
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I% 13 proposed o evamtually jubject :he feed %0 tank =5 to evaperstion

iltey nsutraiization. _vaporation of “he naserial Jrior %> asutraiisation would

require that consideradl; :cideresistant surge ceneeity be rovided st eonsiderable

saxense. % 13 prepossd 0 utilise J=5 as a surge tamk for newtralised feed to the

svaparater. It 43 aroposed to utilige 7«6 as a conesntrats reesiver aad 40 utilise

=2 3imilarly (whem it i3 availabls) o0 jermit sdequate desay of the cemssmtrste
before dumping.

3.1 iXaperater Seeifiesicns

3.13 Capesity

It is rescamended that the svaporater have s capeeity of 45,000 zal of
fesd der week. Considering sodium nitrste cemtent of -5 g. Jer liter ia
1e5 neutralised liquor and a saturation solubility of sedium nitvete et 25° C
in the neighborhood of 20=100 z. Jer liter as a basis of estinste, a velums
reduction of 955 would he effagted = or an evapsratiwe capesity of 42,290
Zal Jer weekx (317,000 Ibs. of ¥atar ner week}. Ia terma of XTEEX BTU's
r wiek, & i3 ia ca. 317 5 10°; in MMIEIEI counds of steam per week,
cas 317 x 10%; in ;allons of butane, 3100 7als rer week,

The tharmal losses of the evaporator chessn will i‘nevesse the hest
requiremsnts.

.n ovaporator for interim >ilot >lant service is wnder design (by P. L.

duiler and associates) whose essoutizl arts are a 9 f&. by 7 £t. tank=bedy of 2300

sallon capaeily, ihres coila oderating in arallsl, and vherse cond-nsers in

29

sarallsl. e ovaporsser body ana the coitls sre of 309<-Ch stabilised stainlass steel.



mmhmmlyz’uhysuammunwﬂhm,:unﬁm
Temoval of sachk coil sedersteiy for mainteesnce. e designers plsa te sperate
vith the evaparater body 1/3 nil,
mwmatmwmgmud
mmxumww-mumnasaoo;puamv. Tosd my ov
2y 2ot be neutraiised,
Mpmmiwcmwismmmrdum&-w
3tate this can he inoves:sd by additiam of coils,
‘wm.wruommmuzsum-wm
axier svaparation. ﬁ‘wnshmw.ituummmwu
$VeDOTRIOrs be invessigsted ae the ueaign least 1irsly %o reslt in sealing
4ifficultien.
submergedeconbustion daaisn soesesses other sdvansages rfor this sesvies.
I38 mainvernancs resuirenente ara low sinca bhedy construction can be of duweble
brick. I serious treudls develons wit i hurner, 18 cas de disesrded and
anummu,mnsmm:ummmm
i4fficulties with other desiims,. Twrsher, 18 tharwel of lciency 1a highe

3.3 Condenssr Zpcuirsments

Itnnhmnodmmaimemun-ntmcmm
o attain aincle atage 105 dssentanination. . litersture ssarch om this rebles

13 currensl;  ncerway,

Je2  Zvesas Jilialhg ivapergvor

‘aBt® requiring restasnt ¢3uld Se received and neutrsilized in “e$ from which
‘% wouid e swmped %0 he sveporesor sither irectly ar =hrough a fesd tsak.  he
sundensate vould be <dlzeharsed %o the ona system. he someentrats yould de

ilzgharied 0 fank .e5 o Tank ie2., onesntrace would feed (n%0 one tanit wrtil




A

Jed ' (Gont%,)
the tanic was full. The full tani would not be dumped wmtil a day or tee hefors it
Tas nseded. e averege desay tims s concentrawe is casily calsuisted.
Jedl eexy Limg
*{me required to f1ll sanx at rate of 2,250 XX zals comeentwate dJer wk,
120,000 = 75 weeks
2250
13 o sveraze time iuring tank fillagy < 37.5 weeks
’.oldip%iu w:i1ls other tank fills 2 75«2 = 73 weeks
17.5 $ 73 = ea. i10 weexs decay tims as comeemtrate.

e estimate of 110 weeis desay time is mintmum simcs the meem weekly
onceatrates wodustion is less :bam the 99.9 $ % certain maximm of 2290
islloms ser wmeek,

ha c¢conceatrate zay X never beo disshaged to the pond system.

Jltimate 2ians may calil for drying the ecnosntrsie,

3ia.
33 Zpoviaicn Lok imakedown

iote that inherest in ail the estimates i3 amsis prevision (Or evaporater
areak=iown.  he capaeity of -he evaporator i3 such that Te5 should always bes mainSainet
1t a low lavel, *hus "roviding sbout 5 1/3 average weeks surge capesity ow
160,090 jallons. iote irom the data in icpeadix A that the worgy 4 week peried
saly agqualled that sapacity. . .~weex allowanece for major rnd.n should be
iBDi8a

Mo evajorator capacity is Iush that bulldeuns of svadorster feed aay
Jutekl ' de redused.

n event af an meTLENCY oven woree -han :hat requiring a 4eweek st down during
aaxizmums sed Huild-yn, %he :iscaying concentrate tank could de dumped abead of
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o3 aoviaien l3r iress=iomm
sahedules to ocrovids aiditional feed 3torage capacity,
% 13 considered ieubtful shat a1 second evaperatar need be roviied for
standeby serviee. |
3.4 33rel of Soures ’otme
;rcguhrmtmldmjormuduuﬂhﬂmldmw
wunmmn«tuummmmam-m-t
she hot waste aystem.
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Jronosals %o essentially alimingte the disstarge of agy 33%ive zmterial
ia the waste are hare >ressmtad briefly.

4.1 crystal CroopiRg
7% 1is proposed thas the feasidilily, by contrelled erystalisatien of the

svaporator aomesatration, of crepping nom-ective materials be. thewveughly
investigsted. 3ough extrastion and >urifieation of wanted zaterials might pessibly

be sffected also,

Jpeeifie materisls mizhts de extracted from the sveporstar conssmtirats
Yy avplicasion of solvemt sxtrestion croseases, iea ecxshange >recesses, er same

a%her xrooess not yet devaloned,

{.3 congentrate Jrving

It 1s sropoeed ihat the evanorstor conesnirats be syray dried, the dry material
%0 bde stored for futwre extraction of useful msterials - cr just stoved >ermamently.
The condensats from spray drying would be returned to the evaporstor feed stream,

4e4 adegiin of ‘ayte Collession Jymten
% is prevessd that the saste colleetion s'stems be re~designed to Dersit

1 bettaP 3srelation of aste Lroes.

T 4esl 2igavohing JankE ‘

I8 i3 recommended that majar sources of setive waste be revided with
individusi storage tanks %3 nali one averaje weeks waste Irodustiem (by the
rarticuiar souresj. 3 is further rovossd that zuthority to dispsteh sush
1sste to the disposal aystem ba rested in iiocss responsidls for the osperation

2f “he disposal iystem %o sermit Jroder timimng by the disoosai systea ooerstors
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+ Barimm rum is 3ade sbout svery 7 wveeis. + sample Jeried of 21 weaks was
chosem. % a3 “harorora aeesssary ‘o ind he -ast reeens Qeweek evied during
oleh 3 barime ~una ere zads. 30h 3 WPiod ogeurred hatewes 3oV, ds 1947 snd
dareh 27, 1348,

Listad are the reparted ia>uts %o tani =5 over that neried. 3ariwm rwa
dates were iav. ) W dov. 22, Jan. 14 w0 Jum. 23 amd Feb. 23 to Kar. 12. The
tank feeds are listed chromologically iown the colomns. hose during
barium runs sre underlined.

Ji_zallong Jey woek

2,300 19,900 34,800
2de80 3,30 4d o420
230 43,00 #2300
37,0 42,209 2ot
57,590 44,000 240
31,000 3,6 51,600
14,0 33,000 13,200

The m:aa iapus 13 10,650 sith uncersaiaties as variows confidenses levals

listed.

at 95% eonfidence lavel $ 7,10 gal per wesk

4% 995 confidence lewvel 3 9,720 28l ser wesk

1% 79,93 smfidense lavel 3 13,10 gal ez weux

‘sing

3‘2(3): iy - T}z
- - Jor the ansiysis of %he varianoe of the wean
U3 - i

iad using the sxaression
$ (305 or 101 or 1,031, ei 3 40) X 3{3)z uncersainsy in ks mesn.

‘aluse X Lhe T wer: votained Srom a sable.
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NATICNAL ADVISORY CCMMITTEE FCR AERONAUTICS

TECHNICAL MEMORANDUM NO. 1160

CCNCERNING THE VELCCITY—OF EVAPORATION OF SMALL DROPLETS
IN A GAS ATMOSPEERE!

By N. Fuchs
SUMMARY

The evaporation velocity of liquid droplets under various conditions
is thecretically calculated and a number of factors are investigated
which are neglected in carrying out the fundamental equation of Mexwell.
It is shown that the effect of these factors at the small drop sizee and
the small we=ight concentrations ordinarily occurring in f£ég can be calcu—
lated by simple corrections. The evaporation process can be regarded as
quasi-staticnary in most cases. '

The question at hand, and also the equivalent question of the veloc—
1ty of growth of droplets in a supersaturated atmcsphere, is highly sig—
nificant in meteorology and for certain industrial purposes. Since the
literature concerning this is very insufficient and many important as—
pects either are not considered at all or are reported incorrectly, it
seems that a short discussion is not superfluous. Especial consideration
will be given to the various assumpticns and neglections that are neces—
sary in deriving the fundamental equation of Maxwell. The experimental
work available, which is very insufficient and in part poorly dependable,
can be used as an accurate check on the theory only in very few cases.

I. THE FUNDAMENTAL EQUATION

The theory of the evaporation rrocegs in a gas atmosphere owes its
beginnings to Maxwell (reference 1) and Stefan (reference 2). The theory
rests on the assumption that the vapor in the immediate neighborhoed of
the liquid surface is completely saturated, and that consequently the
velocity of evaporation depends simply on the velocity of diffusion of tle
vapor into the surrounding space. This viewpoint was experimentally
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substantiated by Stefan himself, and also by Winkelmann (reference 3) and
except for a limitation later discussed further, is regarded as an estab—
lished fact.

Since diffusion and heat conduction are physically related concepts
and are also completely equivalent processes from a mathematical view—
peint, use can be made of the heat transfer theory, which has been worked
out in great detail, in the theoretical calculation of the velocity of
evaporation.

Now, turn to the derivetion of the fundamental equation for the ve—
locity of evaporaticn of small droplets in a gas atmosphere. To do so,
a series of simplifying assumptions must be made. Later, these assump—
tions will be examined one by cne and ccrresponding corrections will be
introduced in the fundamental equation. The assumptions are:

1. The drop is spherical;
2. There is nc motion of the drop relative to the gas atmosphers. -
3. The atmosphere extends unbounded in all directions. :

4. The atmosphere is all at the same temperature and pressure. The
lowering of temperature of the drop is neglected because of
the evaporation. T

5. The evappration‘process is stationary.

6. The vapor is saturated on the surface of the drop.

T. The vapbr pressure cf the drop is vanishingly emall in comparison
with the total pressure. . ' '

Since the process takes place sphero—-symmetrically, Fick's law,
_\a__::_ = e (1)
ot

expregsed in spherical ccordinates, beccmes

Ser) D.B%(c’:r) | f ()
gt or<

In the stationary instance this reduces to

=0 (3)

2% (cr)

or=
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or, integrated
. _
= p 4
c A+r ()

If c¢o 18 the concentraticn of the saturated vapor, and cy: the concen—
tration at infinite distance from the drop, then there is obtained:

C—Cl=(C§-Cl)% (5)

vhere a is drop radius.

The amount of substance (expressed in moles) diffusing away per unit
time is (reference 1), ' .

I, = —baDr® %% = bnaD(c, - c;) (6)

Therefore the velocity of evaporation of the drop in a gas atmosphere,

as opposed to evaporation in a vacuum, 1s proportional to the diameter
and not the surface. (Results are substantiated by Sresnewski (reference
4) and Morse (reference 5.) Topley and Whytlaw-Gray (reference 6)
Checked experimentally formula (6). Since

- »4v _  2nay d 8 4 . :
L=-2&._Zmmde) (7)
M dt M dt

Wwhere

4 liquid density

v drop volume

M molscular weight of liquid

Then, from equations (6) and (7)

2 -
dé: ) . _2leo > LMD _ k, a constant, (8)

that is, the drop surface changes lineariy with time. Here, equation (6)

is agsumed to hold even for censtantly changing drop size. This is true,
down to a certain drop g8ize, for the most widely different experimental

cenditions.
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A correcticn must be applied to equation (6) if the previous assump—
ticns are not fulfilled. A4lso, without logs of gemerslity, o can be
written for c,. Then equation (5) beccmes

¢ = coafr - (5')
and equaticn (€)

Ip = LnaDe, (6')

1

II. FINITE VAPOR FRESSURE

Firse, let fall the assumption that the vapor pressure of the liquid
is vanishingly small compared to the gas pressure. Since the total pres—
sure is everywhere the same, so must there be a concentration lowering of
the gds equal and opposite to that of ths vapor. Since, however, in the
staticnary state no flow of the gas can take place, so must the diffusiocn
of the vapor be ccmpensated by a convection current of the gas mixture
directed toward the outside. The velocity of this current will be deter—
mined by the following equaticn: R

where the concentration cf the gas has been designated as c', and the
diffusion coefficient of this in the vapor as D'. But D' = D and

de'! _ _dS.  Therefore
& o D 4
c
= -7 I (%)
The total vapor flow then becomes
./ de : de / ¢
I = —4nre {D il ~4gr? D E;w\l + ;T/ (8")

If C 1is designated as c + ¢', the constant total molar concentration,
then: -

- bar2 TC de
-c dr

lal
~/
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from which (reference 2)

: A
I = —4malC n{l--2 (9
J

(Concentration of saturated vapor is co.) (For r=w, ¢, = 0.)

Expansion of the logarithm leads to

~ c o] \\". I/ co \
I =bmaDey (1L +—< =1 i1+ 2 (10)
0( ¢/ °N T/

As a first approximation,. the percent errors involved in using (6')
instead of (10) is co/2C. For water: vapor at 20° C and atmospheric

pPressure, this amounts to only 1.2 percent.
III. LIMITED SPACE OF EVAPORATION

Here will be considered only the case of absorbing walls, on which
there obtains a constant vepor Pressure. With nonabsorbing walls the
process is obviously not stationary and will be dealt with in another

section. '

If; for the sake of gimplicity, it is assumed that the vessel is
spherical and that the drop is located in the center, tnen there is ob—-
tained, instead of (5) and (§),

(co~cRrl)aR-r '
C =cCRp + - : 11)
R r R—~a (
- I
I = br(co = cr)aDd . ° ~ (12)
1-8 1-2 ‘
R R

where R 1s the vessel—radius, and the ccnstant vapor concentration at
the wall is designatéd by Cr- A vessel large with respect to the drop

size has practically no influence on the velocity of evaporation.
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IV. TEE LCWERING OF TEMPERATURE OF THEE DROP

BECAUSE OF ITS EVAPCRATICN

This correcticn is the most importent for volatile liquids. For the
derivation of this, first of all, the radiation of heat and convection
currents will be neglected, and only the flow of heat to the drop by con—
duction will be considered. If it is also postulated that the coefficient
of heat conduction is comstent at all points of the gas atmesphere — that
is, independent of the temperature or composition of the gag—varor mixture
within certein limits — then, in the staticnary case the distribution of
the temperature and the megnitude of the heat flow are expressed, respec—
tively, in the same formulas as the distribution of concentratiocn and the
velocity of evaporation, and can be expressed as:

1]

%(Tl - To> (13)

T, =T

Q

brKa (Ty - To) (14) ‘

where T end T, are the temperatures at r and at infinite distance,
and T, is the drop temperature with K the coefficient of heat conduc—

tivity and Q the heat flow per unit time. The heat used {n evaporation,
hcwever, is: o

Q' = I,l = bnalDcy | (15)

(1 = molar heet cf evaporaticn) where D 1is assumed indeperdent of tem—
perature.

Translator!'s Note: By virtue of its evaporative potemtial, a drop
initially et the seme temperature as its surroundings, if qsite volatile,
will evaporatively self—cool to a temperature below that of its surround-
ings such that the heat flow from the cutside will supply +2e latent heat
of vaporization.)

In the staticnary state o must equel Q' or (referswce 1),

_ 1D, 1D (16)

since Maxwell states co = gr_- But To and po are also related by the . .

vapor pressure equaticn
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P, = £(T,) (17)

. By (16) and (17) T, 2and Py are clearly determined and are inde—

pendent of the size of the drop. The above-mentioned linear relationship
(equation (8) between the surface of the drop and the time remmins undis—
turbed by the lowering of the temperature. '

In order to compare these focrmulas with experimental results, or to
determine the valus of the diffusion coefficient, (16) and (17) are not
solved, but there is obtained directly frem (14%), (15), and (7)

] .
Iol _ 71l d(e?) (18)
kgKa 2MK 4t

Tl-TO=

2
From the measured values of éiggl there can be calculated T; — 2o,

To and p, (frem (17)), and, finally, D (from (8)).

For small T; — To equations (16) and (17) can be solved by means of

- the Clausius—Clapeyron equation, and the following explicit expression for
the temperature lowering can be obtained:

2 o L ‘
I=I, <1 - ;’RTD‘IQ . (19)

This correction was used by Topley and Whytlaw-Gray (reference 6)
i1n their investigation of the rate of evaporation of small spheres of
iodine by means of e spiral-spring balance. The values of D .obtained
in the manner described at various temperatureas (14° to 30° C) differ
only about 1 to 3 percent from values determined directly. The tempera-—
ture lowering of the emall spheres in this investigation was, however,
ccmparatively small (0.3° to 0.5° ). : ’

Similar measurements were recently made by Houghton (reference 7)
on water droplets (e = 50u — 300u), which were hung on very fine glass -
fibers. The decrease in volume of the drop was measured microscopically.
The conventional psychrometric formula which Houghton used for calculat—
ing the temperature lcwering led, of course, to markedly varying values
cf D. Since, in this case, the temperature lowering has a significant
value (about 15° at 25° C and in dry air), & study must be made of the
dependence of D  on temperature. Aas a first epproximation, the assump-—
ticn can be made that the cecefficient of heat conductivity is constant,
as 1s the distribution of temperature: (13), and then the average value
of 1/2(Ky + Ko) can be taken fcr X in (16). The integration of equa—
tion (6) yields — for a2 variable D: '
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(o8]

I = 470 (20)

b
J[ Dra

a
By differentlating (13), there is ottained:

ar aT

I‘2 &(Tl - To)
For D 1t can be said, opproximetely,

T\2

(Translator's Note: Other investigators give
o.(T\®
Doy . \Ty
See, for example, Sherwood, "Absorption and Extraction,"” McGraw-Hill
Book Co., Inc., 1937.)
By substitution of this expression in (20)there is obtained:
4 - : ’ . vt
1= ""O%Tlm To) . lmacon,% = bncga v/ DyDq o (22)

jT )
o .
(where D, corresponds to temperature Ty).
Therefore D must be replaced in equation (6) by the geometric mean
/5:5;3 but for small temperature lowering the ordinary arithmetic mean

g

can be used.

Use of that curve will now be made in Houghton's results, which
snows ‘the evaporation of a vater droplet at 21.7° C in perfectly dry air,

< . =5 -
and corresponds to a éé%—l = 3,38 X 10 . square centimeters per second.

If there is set, im equation (18), » =1, 1 = 10600 calories, . 2M = 36,

3

X = 6.0 x 107 cal/cm sec® (reference 8) then,
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- T = 16.56% Ty = 5.14° C; co = 3.79 X 1077 moles per cubic centimeter

from which, according to (8), where cy =0,
D= DoD; = 0.248

Finally, there can be calculated for D at 0° C, according to (21),
the value D = 0.224, which is a-good approximation of the tabulated
value 0.220 (reference 9). On the other hand, the curves given by Houghton
for evaporaticn in partially saturated air show strongly varying values of
D; there could be considerable measurement error in the determination of
the vapor concentration. » '

In order to evalnate the magnitude of the heat transfer oy radiafion,
which has been neglected, it will be assumed that the drcp and also the

walls of the vesasel are perfect black bodies. Then the heat influx to the
drop by radiation cen be exovressed by the Stefan~Boltzmann equation:

Qu = kna20 (T,* - ToY)

If thie equation is divided by (1%), then:

Qy  bac Tla

o x

0

: T
(Translator's Note: This epproximation assumes that To <'7%.)

By substituting the values ¢ = 5.7 X 1077 and K = 2540 absolute units,
(air at T, = 290° K), there is obtained:

Q1 )
—QT = 2.,1% -
Therefore, the neglecting c¢f radiated heat in the calculetion of the
temperzsuins 1omevipy ¢ia fotrocngs e corer of only 2 wer:ent at most for
a = 100 u.  rococraivi to an iuiestigaticn of Leagmuir (reference 10) the

effect of thermal conveetion can algo be neglected.
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V. CCNCENTRATION JUMP AT THE IROP SURFACE

The unanswered questicn of Stefan and Winkelman concerning the exact
value of the concentration of vapor at the surface cf an evaporating body
caen be solved in the usual manner of gas kinetics. Quite analogous to
the changes of velccity and temperature, respectively, present at a aolid
wall, there is a Jump in concentration upon the start of evaporation -
which was first reported by Langmuir (reference 11). This. jump at atmos—
pheric pressure generally has a vanishing value on a flat surface, but
it is quite otherwise in the case of small drops, when the diameters be—
come comparable with the mean free path A of the vapor molecules.

One of the molecules escaping frem the surface will be, after travel-
ing the distance A, at an average distance A& from the surface. The
ratio B = &/\ certainly depends on the value of A/a and lies within
the limits 2/3 (for a >>A) and 1 (for a <<'A). Per unit time
kna2ve, molecules escape from the drop surfece, if vco 1is the number
of molecules impinging on a square—centimeter—per—unit time at a ges
concentration c¢o. Here the usual presumption is made that the coeffi-
cient of accommodation of the vapor molecules on the liquid surface is
exactly 1. At the same time Lme2ve; vapor molecules condense on the
same surface, where c; is the vapor concentration at a distance A
from the surfece. Therefore, the resultant amount evaporating is equel
to I, = 4me®vm(co — ¢1). This must equal the amount carried through by
diffusion, I = 4n(a + A)Dc,. If there is substituted for D the ex—
preseion of Meyer L4/3 hvm, then there is obtained:

c1 = 2o (23)
L. 4/3e s BN
a2
I- To (24)
1+ E = - BA
3a a4+ BA

For the larger small drcps (2 >> A, B % , therefore:

"
—
o}

(25)
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However, for the very small drops (a <<, 8= 1)

r knapco ) knac vm ~ knaZcovm (26)
l+)4-)\ A 33. 3_&__ 3&2.

3E7a+r TTER Thaew YRS

e

Therefore, very small drops evaporate in a gas atmosphere with the
same velocity as in a vacuum. Moreover, in solving equation (24) it is
possible also to start from the velecity of evaporation in a vacuum, in
that this is multiplied bty the probability that an evaporated molecule
does not again encounter the drop in its subsequent motion.

Equation (25) shows thet the usual linesr change of drop surface
holding for small drops is no longer valid. Since N at atmoapheric
Pressure is of the order of 10 centimeter, the correction calculated
by (25) is already 7 percent for a = lu, and 40 percent for a = 0,lu.
A decrease in the rete of change of the drop surface, which began to be
noticeable at a = lu, was actually obssrved by Speakman and Sever
(reference 12) on a series of oiganic campounds. The explanation by
these authors that this phenomencn was due to a lowering of the vapor
Pressure of the drop by dissolved ncnvoletile impurities, can perhaps
also be true. Unfortunately, the curves presented in the above-mentioned

took do not permit a quantitative comparison with equation (25).

In a recent work by Woodland and Mack (reference 13) an opposite
observetion was made — an increase in d(a2)/dt upon diminishing the
g8ize of the drop. The cause of this discrepancy must lie in something
else; in the proposed explanaticn of their findings, however, these
authors ccme to very erroneous conclusions, such as the presence of a
layer of vaper, C.5u thick, surrounding the droplet, and so on.

It is easy to see that the correction of the change of vapor pres—

Sure as a consequence of the curvature of the surface and the charge of
the drop can be neglected in comparison with the correction jJust discussed.

VI. NONSTATICNARY PROCESS

The exact calculation of tke velccity of evaporation in the nonsta-
ticnary cese meets, in general, the greatest mathematical difficulties.
Fortunately, in prectice most of “he ccnditions of the process can be re—
garded as quasi-stationary (that is, the process has at every instant
the same velocity as in the stationary state which corresponds to the-
boundary conditions at that instant) as follcws: ’
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Intc the infinitely e=xtended gas atmosphere, im which the vapor. con—
centration is everywhere zero, a drop of radius a 1is introduced at time
t = C, Apart from the jump in concemtration at the surface, and so forth,
+he primary problem is the solutiocn of the differential equation (2) with
the follcwing boundary and initial conditions, respectively:

Q
1]

C at t=0 and r> a,

(¢}
|

=¢cget t> 0 and r = a.

The soluticn is given oy the following expression:

[+
ec N —x2
c == e dax
r /%
r-e
2 vDt

From this ‘there is obtaired,

s dc / 'a) 1 (ﬁ a \
I = —4na® D — = hnaDcg{ 1 + =I.(1+ - (28)
i AN, ANV 5> %

(r=a)

Since /@D at atmosﬁhcric pressure is of the order of magnitude 1,
' ~ Foan
there can be substituted I = I, &l + ;:). The correction amounts to
: : Y _ _
aaly 1 percent after 1 second, even in a heavy fog (a = 100u). In order
to decide to what extent the evaporation of a drop can be regarded as
stationary, the time interval t, is compared, after which the correction

term a//nDt reaches a definite small value 4, with the time <2
necesgary for ccmplete evaporation of the drop.-

Thus

and from (8)
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therefore

t 2¢

a, 2o (29)

tz A2HD7

If there are substituted the velues A = O.dl, M =18, and
-7
Cs = 3.79 X 10 moles per cubic centimeter, which correspond to the
evaporation of water drcps in dry air at 21.7° C (see above), then

Eé = 0.C43, or in other words, even after the course of the twentieth
part of the time of total evaporation the veloclty of evaporation exceeds
the velocity corresponding to the staticnary state by only 1 percent. In
demp air or with less volatile liquids the approximation to the stationary
state is realized still more quickly. The effect of the gradusl reduction
of drop size which was left unconsidered in the discussion will be de—

scribed further.

For the calculation of ths velocity of evaporation of droplets of
sclutions, the nature of the variation of vapor pressure at the surface
with time becomes important. If it is assumed that the concentration of
the saturated vapor is a time function c(t), then, instead of (27),
there is obtained

—x2
dx (reference 15) (30)

Q
i
)
o
ct
| S |
o

r —8a-
2 VDt

which can be easily verified. From this is obteined (omitting the repe—

tition of the somewhat detailsd calculations):
1

N

c(0) + 2t | otpa(l - x8))ax
0

I = ~ina?D o _ LrwaDe(t) l . —_ - - (31)
| or - Dt c(t) Co
(r=a}

where c' means dc/dt.
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Whether or aot an approximation to the staticnary state is possible
bere depends on the special form of c¢{t). In general, the following can
te said; wherein it is necessary to teke into account the most important
practical cases of the decrease in c(t) with time. In order to reach a
gocd approximation of the staticmery state, it is sufficient that a//Dix
.ncrease by a definite emount & after a time interval t, which is
small relative to the interval ta, meanwhilse tie factor times a/vDtm
Terains of the order of magnitude of 1. If | c'(t)‘ is deeignated by
£(t) and it is noted that: ‘

% 3 |
c(t) = ¢(0) *jl ct(t)dt = ¢(0) - ¢ j/ £(tx)dx
0 - ° :

then this facter tekes the follcwing form:
_ 1

c(0) - 2t [ f[t'(l - 12)]}12

F =
e(0) - ¢ Jf f(tx)ax

0

With decreasing f(t)

1 1 ~E .
f f(tx)dx = jnf[t(l - x)]ax > j flt(l - x3)]ax
Q Q [o]

and for ts the interval will be taken after which c(t) is half of its
originzal value, that is, the root of the equation

b3

e g) = tf £(tx)dx

-
In this interval F < 2.

With increasing f(t), that value of t can be chosen for tg such
that F vanishes; c¢(t) will then not reach 1/2¢(0). In this interval
£ <1. It is scmetimes more convenlent to use tz' < ta instead of tg;
go that the equation c(0) = 2tf(t) is satisfied.

Now, consider the continucus diminishment of the evaporating droplet
due to disturbance of staticnariness. The strict treatment of this prob—
lem is extremely complicated; as an approximete estimate use cen be made of
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the fcllowing consideration. If there is originally = stationary state
corresponding to drop radius a and vapor concentration Cos then the
states arising from & decresse in a of Ola at constant Co, &and a de—
crease in co of £c, at comstant a, respectively, are given by the

following expression:

f

1 f r - a + 08 !

r i

end, respectively,

-

s N\
= i - I -y (E28)
c ricc& aico L.'}. ¥ > 5 ]}

(¥ = Gauss® probability function.)

If, now, alce = Cola, then these expressions can differ from each
other only by an infinitely smell amount in the gecond order.  If, there—
fore, the time function co(t) = co(0)p(t) 1s a good approximaticn of

the stationary state, then the equation a(t) = a(0)p(t) showld apply
for decrease in drop size with time.  For the evaporation of the drop
there can be substituted, as a first approximetion, from (8)

a(t) = /a(v0)2 — kt. Here then:

da= k

£(e) = -3

4t 24002 - kt

and for t,' there is obtained

ta'k
a(C) =
/a(0)2 = Kty
from which
2
s 206280 L g6t

(tz is time of total evaporation.)

Then, return to = numerical factor 0.5 for equation (29); it follows
frem this, thet there can te agsumed a quasi-staticnary course of evapo—
ration of water droplets as & gocd approximation. This ceonclusion obvi-—~
cusly agrees with the experimental results of Houghton. S
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Thus far, the evaporaticn of a single drop in an infinitely extended
zedium has been considered. Ia practice it 1s necessary to do, nowever,
with a large number of drcplets. In this case the evaporation of a drcp
tzkes place as though it were in a vessel with nonabsorbing walls, the
7olume of which vessel being equal to the average volumse enclosing each
drop. The rigorous soluticn of this problem is very difficult. Practi~
cally, for the small weight concentraticne occurring in fog, that is, a
large mean distance between the drops relative to their diamster, a sim—
ple approximation will serve. Then, assume that the droplet is in the
midpoint of a spherical vessel of radius R with nonabsorbing walls. Tle
distribution of concentraticn for different times is shown in figure 1
vith dashed curves; the solid curves correspond to the stationary state
(for absorbing walls with various vapor pressure, see sec. III).
(Translator's Note: The solid curve represents the stationary state for
the same boundary conditiocns thet exist at a particular instant in the
nonstationary state.) It is easy to see that a curve of the first type
mst, in fact, lle under the curve of the second type with the same end-
points. There results, therefore, for the velocity of evaporation in a
knovn time t + At, a lower limit., (See equation (12).)

hnaD(co — Ctapnt)
Il =

a
1-xr

An upper limit can be obtained as follows. If the drop is placed
at time t in an unbounded space with vapor concentration ¢4, then 1ts

evaporation will take place more quickly than in the vessel. In time
t + 4t it will reach the following velue:

. N
I. = bnad(co — ct)<l 3
nDALS

(see equation (28)).

If the time interval At is chosen such that

a 1
1+ =
VLAt 1 - %

then the pictured curves are actually obtained, which do not intersect
each other more than once. The equivalence of the two expressions for
the amount of material svevorated in time interval At and stored in
the gas atmosphere, respectively, yields:
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-~

LraD(c, — cylot = hn~}ﬁ g(ctﬁAt(r) - ct(r)] rfdr
a - -

1 -2
R

where ct(r) is the value Ct corresponding to the stationary distribu—
tion. By substituting the expression for c(r) (equetion (11)), there
is cbtained v

~ 3Da(cy = cylut
L = ct‘i’&t hand Ct = Ré (32)
er, since
~ R2
ot T A
D
ac ¥ (cp —oy) & (33)

At small values of a/R the stationary curves give a good approx—
imation. With the same approximation (32) can be regarded as a differ—
ential equation. By integration, obtain

3 3
—3Dat /R -3Dat/R
o = Ige

I= )-HI&DCO le)

This equation is obviously only applicable when the decrease in vol-
ume of the drop can be neglected (at very small vepor pressures or Pres—
sure differences). Otherwise, the system of differential equations (8)
and (32) must be solved, which usually presents no difficulties.

VII. MCTION OF TEE IROPLETS.

The exact calculation of the velacity of evaporation of a droplet
moving with respect to the gas medium is scarcely posegible. In a coordi-—-
nate system relative to the drop (that is, drop at r =0, Z = 0, a = 0),
this problem leads to the differential equation: -

3

ct

= ¢ - 7 grad ¢ (35)

where with v is meant the velccity vector of the gas stream, the value
of this vector being determined in space by the nature of the flow.
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Zven in the simplest case of laminar flew, for which Stokes'! law holds,
and a staticnary state, equation {35) is practically insolvable. It can
be solved only for an infinitely small flcw velceity: if this velocity
is cailed V at a great distance frcm the drop, then let

u
e}

¢ = ~= 4+ VO
r

vhere the term V@ represents the disturbance of the ccancentraticn dis-
grigution caused by the flow. From (35) there is obtained (with
c/ot = 0):

4 - N
Dvap+’€(-°-%§£+ Vgrad ¢:= 0
N T /

and, since the last term can be neglected;

Co8 =-—
03‘ vr
D~V

o

If the Stokes expression for v is substituted in this'equation,

the following result is obtained: At two points which are symmetrical
with respect to the plane passing through the drop middle perpendicular

to the flow direction, Ap possesses the same absolute value, but re—
versed sign. Since further, ¢ vanishes on the surface of the drop and
at infinite distence frcm it, then the application of the potential theory
leads to the cecnclusion that at two diamstrically opposite points on the
surface @grsd ¢ has the same length and direetion, that is, that the
acceleration of the evaporation preduccd ty the stream on one side of the
drop is exactly ccmpensated by the slcwing down of the process on the
other side.

This conclusion could approximately hold for a flow valocity, wherein
the transfer of material by convection can tie neglected in comparison
with the transfer by diffuqipn -~ at least at distances not too far from
the drop, that is, when c|v| << Di grad ci. If by substitution here
¢ = coafr, there is cbtained, :

cpaV Leqa av
K= or —<K1
r r D

(2 = r)
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Since it is known that D = g {n 18 coefficient viscosity of the

zedium, o its demsity), then aV/D becomes the familiar Reynolds
sxpression a2oV/n. For smell Reynolds numbers (for example, for free
Tall of fog droplets) a vanishingly small influence of the motion on the
evaporaticn velocity would be expected. The validity of this conclusion
otviously can only be decided by an experimental procedure.

In conclusion, it should be said again that all the considerations
and conclusicns carried cut here are also directly applicable to the
reverse process — the growth of drcps in a supersaturated vapor.

Translation by Joka Nelson Howard and Mitchell Gilbert,
National Advisory Ccmmittee
for Aercmautics.
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2! “he entraimment during zct 2varoration w2g determined in the homogenecus
oile, und 23" zevaraticn studies. Zapesesclutions were evaporated;( water,

scdium carbonate and nitric :icid.: The rarcent entrainment was determined

in the Zquipment No. 1 runs oy spizing with Zz~La trzcer, and in Equipment
ZG. 2 runs "Z3" was unalyzed. The resulis in Tzble 1 are not consistant but
the following conclusions are indicated:

(1) ZIatrzinment varied frem 0.002 to 0.80%.

{2) Increasing the evaporation rate increased the entrainment.

(3) Entreinment increzsed as the solution changed from water

t0 carbonarte. The decrease in entrainment for the acid

gclution may have been due to the change in equipment.

y
el
S e




Q)

|

Zvaporatiorn Hate

“huip- :
- ~ =y P e : R . :
0. 2ol n oy Yo 3Q.7%. ! -y Lptrainment

; ;
i Jater 5 ' C.17
ERolok : ’
Za Lracer b . 0.10
a7 0.38
] :
- ¢
. 13 : 0.29 ,
. .;va -um..._vuu‘wa_:w,v’x?‘mmng Rt Y] ."u‘p,..,,...,”.,m-.{rs
1 0.3M NaQCOB“‘ 5T : 0.14
i ' =6 , c.80
. :
e j it AT _ ’
59 : 0.58
— 70 ! 0.77
. e N

R ] B

: -~ T, g H .

[ : c.1M EN 3 Sn 0.002 '

; - N g

. i Y
; : Lo i 127.C | 0.14
i ¢ -

i

sot, 10" dizmeter x 36" high
free board, 24" average
vapor take-off, 3" pipe with 2' rise over the top of the
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Zquipment liod:

Iquipment No. 2: pot, 7.5" diameter (average) x 26" high (conveel tank)
free board, 21" average
vapor wzke-off, 27 nipe with 3.75' rise over the top of

the pot. Baffls cver pot opening.
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April 7, 1948

®o: 5. Mclain

From: 7. L. Culler

Subject: Zvaporation of Higgl% nadiocactive Wastes From
*he 1 Areas

In developing the Tirst concepts or the 1200 Area waste storage
and disposal system, evaporation of the highly active first and
Second cycle rarfinates to near saturation with respeet to the
salting agent, aluminum nitrate, has been proposed as the method
of' obtaining smaller volumes of waste for permanent storage.

This concept, in view orf past experience here and at other sites,
warrents further investigation and development.

As you knov, we had planned on discharging the condensates from

this evaporation to collection tanks from which the wastes could
pe sent to another evaporator or directly to the retention pond.
The design or the chemistry cycle will be such that no astivity

is discharged from the chemical areas.

Data from three sources recently rsviewed indicates that the
carry-over or activity during evaporation may be great enough
to cause concern if special precautions are not taken. From
a dilute solution of cerium tracer, using & lov evaporation
rate and a packed deentraining column, Xnolls reports carry-
over of approximately 0.04% of the activity. Runs with this
tracer were discontinued arter about 70% of the initial solu-
tion had been svaporated because of severs bumping. The
quarterly report for the past period reported a 0.03 to 0.05%
uranium loss to condensate during the concentration of the
first cycle a3trip product. Data on evaporation of 23 strip
product from batch extraction work done in the semi-works
zave & 0.05% carry-over of uranium. This number, 0.05%, seems
%0 be rather well substanciated.

Zach batch of first cycle rarffinate vill contain 34,000 curies
or mixed Zlssion product activity. Using the 0.05% carry-over,
the condensates rrom the first evavoration will contain about

13 curies orf activity. The condensate from a second evaporation

3.
- st

vould contain approximately =0 mc of activity. The 0.05%
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carry-over may be _ov because:

1) The first cycle raffinates will contain near
saturation quantities or aluminum.

2) Yolatilization of some of the active constituents
of the raffinate may occur.

Tonsideration or the above figures, and the general lack of
information on evaporation of active wvastes indicates that

8 program on evaporator design could wvell be started here

at the Laboratory. In talking to I. R. Higgins of Section I,

vho i3 now embarking upon an investigation of waste decon-
tamination via ilon exchange, it was suggested that this
ovaporation vork might be done in conjunction with his efforts.
We would like very much to have a more stable basis on which

to design the waste disposal system before this issuing of the
design report. It is suggested that information from Knolls

and otlar projects vhere investigationson evaporation are
proceeding be acc:mulated and applied to our uses. The

design of the 1200 and 1300 Area wvaste systems may be drastically
affected by recommendations resulting from such an investigation.

= e

¥. L. culler
Process Design Section

Distribution: 1. S. #MecLain
2. We L. Eister.
S5 e Lie Cul;ar
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“BJ2CT: To develcp w nrocegs Jor further decontamination of *he non-uraniium-

ccntaining -lzant vastes new discharzed into “hite Oak Creek.

! into “hite Cak Breek must be reduced.
ient orecipitation, s2ttling and

LC
“revegals 1nc¢ude an e
ilte i wed .1§£:-on-~“cdan°e to remove

ring coperation,
1

Q "'aGQ
I-‘-OQ I h @
o o

¢k o3 e Q2

30 ¢ activities. 7iggins and'ULr are working on ion-exchange
at present. The precipitation and separation problem needs
attention on laboratory and semi-works scale develooment. Close
cooperation 1s necessary with the “e2alth Physies Division, and
she Operations Jevartment.

$ 1s cuggestad that two zen e assigned for three month scouting
Znvestigation, ome Investigating rreciritation chemistry, and

i i
g 1 y 4 -~ -
titling und Tiliration. Z:finite

i
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atment sheould then te made.
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Plans are underway for setting up an experimental evaporator for concentrating
ORNL non-urenium bearing waste. At present about L4000 gallons per day containing
% %o 5 curies of activity 1s being dumped into the settling pond from W-6. It was
Tirst decided to evaporate this waste, but a hasty calculation revealed that W-6
would be Tull of sodium salt in about 1 year of operation. Since the bulk of the
storage space would be occupied by an inert salt it was decided to evaporate the
~mgte berore neutrzlization und save tremendously on storage space. At present, an
sxperimental evaporatof I8 being designed, wvaste samples are veing analyzed, and
corrosion tests being run. “hen the evaporator is completed, studies will be made

>n, volume reduction. corrosion, scaling, heat erficiency, and entrainment losses.
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’ DATE
. ‘eiain 3) suly 2, 1948
*Jmn ANSWERING LETTER DATE

SUBJECT

e ‘e wournlen IS “omorandum ~f D. 3. iledd
Je=tewnRly A S of June 25, 1948, regarding
Mla L ‘roblen issignment TD-3

“he data of 3eid on iis vessel are vary interssting. rom data obtained

on iaval as3sel Sailer reed watsr svaporators, entrainment of 0.01%

is commercially attainai  ; owever, ii has heen Havy expsrisnce {considersble)
~hat only a very faw ma:.’ cturers have been abls to suply them with
Jvaporators meseting this snteeiflcasion. ipparently, they have tested a

qumber of commereial products, ncluting all sorte of sntrainment separstors,
:nadatauponshichmnldbomﬂahlatomforthocator.m'pto
Jashington, J. Ce

“nce apjarsntly the oxperience has heen that the satrainment is a

sharn fmevion of “he barfls details, and the vapor valoaity, I plan to

nak Jom Reid for +hese adiiticnal details so that they may be included
in our findings.
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